ABSTRACT The saturated-core fault current limiter (SCFCL) has been studied by several scholars in the past decades. However, these studies have mainly focused on the AC coils of the SCFCL, the DC excitation has seldom been mentioned. In this paper, the DC coil of SCFCL is studied as well as the influence of the novel structure of tightly-coupled SCFCL (TSCFCL) on the voltage of DC coil. A novel DC energyreleased circuit is proposed, which overcomes the shortcoming of traditional single topology whose energyreleased speed is limited by withstanding voltage of IGBT. In order to select a suitable structure of air gap for fault current limiter, the effects of different structures on the saturation of the core are studied. A novel simulation method is presented in this paper which can overcome the drawback of traditional finite element analysis cannot simulate the switching characteristics of IGBT under high frequency. Finally, a prototype is manufactured to verify the theory of this paper.
I. INTRODUCTION
With the rise of voltage level of grid, the short-circuit current will increase which definitely put forward new requirements for the circuit breaker on the transmission line. The replacement of circuit breakers with corresponding capacity will not only consider the feasibility of it, but also greatly increase the operating cost. Therefore, limiting the short-circuit current becomes an important issue which has to be solved [1] - [3] . Saturated-core fault current limiter (SCFCL) is a novel fault current limiter which exhibits low impedance during normal operation of the power system with less influence on the grid. At the same time, it can quickly switch to high-impedance state to limit the increase of short-circuit current when fault occurs, so as to be widely used in several occasions.
In recent years, with the in-depth research on SCFCL, different voltage levels of SCFCL's prototypes including 15kV [4] , 35kV [5] , 220kV [6] , [7] , 500kV [8] have been manufactured. According to the experimental results of the prototypes provide a reference for the process operation and control strategy of SCFCL from the moment of fault occurs to the current limiting [9] ,meanwhile the transient overvoltage on the AC coils was analyzed [10] . In addition, fast
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energy-released of DC coils [11] , [12] as well as the current in DC coils and the voltage on DC coils when fault occurs have been discussed [13] . The time required for the energy-released along with the demagnetization voltage on DC coils which definitely affect the insulation of DC coils in different discharge circuits have been compared [14] , [15] . Such above-mentioned literatures only did research on the traditional loosely-coupled structures which still exist two main issues: excessive cost of magnetic material and too high requirement of DC excitation source.
As one kind of nonlinear component, the general electromagnetic transient simulation software can not directly provide a suitable simulation model for SCFCL. Although the finite element simulation software can accurately describe the electromagnetic steady state of SCFCL, it cannot dynamically analyze the relay protection and control process of SCFCL. Therefore, researchers utilize Maxwell's equations to calculate the electromagnetic characteristics of SCFCL under different conditions so as to establish the mathematical model of it [16] - [18] . The leakage magnetic field around SCFCL can be analyzed by magnetic field decomposition method which improved the accuracy of original model [19] . Some scholars have also proposed simplified models: (1) Making use of the principle of electromagnetic duality to simplify the original electromagnetic model into an inductive model [20] (2) The original three-dimensional magnetic field analysis was simplified to a two-dimensional electric field analysis by decoupling the electrical and magnetic signals [21] . According to the established simulation model of SCFCL, the researchers analyzed the current limiting state of SCFCL under conditions of various short-circuit and different DC excitation current [22] , which provided a reference of current-limiting capability for the follow-up studies [23] . At the same time, the influence of SCFCL on the distance protection [24] , zero-sequence protection [25] and over-current protection [26] of the power system has also been analyzed in detail. Although these simulation methods can simulate the traditional structure, the restrictions on SCFCL are so strict that the new core structure cannot even use it which definitely limit the improvement of SCFCL research.
In recent years, great progress has been made in the structure of SCFCL. Considering the excessive consumption of ferromagnetic, an improved structure of singlephase and three-phase open-core SCFCL have been proposed in [27] , [28] . However, the structure of open-core has the shortcoming of increasing demand for power of DC excitation source, permanent magnet is utilized to provide magneto motive force (MMF) for the saturation of the core [29] . In addition, there are several novel structures of SCFCL, including bridge-type SCFCL [18] , [30] , dual-port type SCFCL with permanent magnets [31] . However, these structures increases the energy consumption during the normal operation of the grid due to lessen the variation range between low and high resistance of SCFCL. The structure that all AC coils wound on the same core cannot be applied in the three-phase grounding short circuit fault [32] - [34] . On the basis of the original loosely-coupled structure, an additional DC coil wound on the AC columns, which not only reduces magnetic leakage, but also reduces the use of ferromagnetic materials which increases the requirement of the DC excitation power [35] . By means of two DC coils, the novel structure made SCFCL suitable for the current limiting of high-voltage direct current (HVDC) [36] , but this topology cannot be suitable for all occasion especially small DC currents which still had great defects.
This paper mainly discusses a novel tightly-coupled SCFCL [37] . The voltage across the DC coil and the current flowing in the DC coil are analyzed in following paragraphs. In order to solve the problem that the withstanding voltage of the IGBT restricts the energy-released speed of DC coil, a novel topology of DC excitation circuit is proposed, which shortens the time of energy-released and enables SCFCL to convert into the current-limiting state faster than before. For the sake of further analyzing the influence of this topology on the grid, this paper put forward a novel simulation method which can be better adapted to different types of SCFCL without being limited by the structure and materials of the core. The influence of DC excitation current on core saturation under different air gaps is also analyzed by simulation. Finally, the theory proposed in this paper is verified by a prototype. 
II. TOPOLOGY AND OPERATIONAL PRINCIPLE OF DC CIRCUIT
The schematic diagram of SCFCL is shown in Figure 1 . SCFCL is mainly composed of two cores, two AC windings and one DC winding. The two AC windings are wound on two different cores respectively while the DC winding are wound on two cores simultaneously. During normal operation, the core converts into saturation due to the MMF generated by DC excitation current. At this moment, SCFCL presents a small reactance which has little influence on the grid. When fault occurs, discharging circuit makes the energy in DC coil fully released which leads to the core exit from saturation. Therefore the SCFCL transitions from a low resistance state to a high resistance state, thereby limiting the short circuit current.
To facilitate the description of the operation principles of the DC excitation circuit, the main symbols and definitions utilized in this paper are listed in Table 1 . Figure 2 shows a schematic diagram of a loosely coupled SCFCL which wraps a DC coil around the inner core and winds the AC coils on the outer core of the core. Since the structure of SCFCL is symmetrical, this paper only analyzes a certain phase of SCFCL. Figure.3 shows the equivalent electromagnetic circuit of SCFCL. According to Maxwell's equations, the formula (1) can be derived. The leakage inductance of SCFCL can be obtained by magnetic field division method which is calculated as follows [37] :
A. VOLTAGE ON DC COIL
Utilizing formula (1) ∼ (4), the magnetic fluxes flowing through the DC coil can be calculated as formula (5) .
The simplified schematic diagram of the DC coil's circuit is shown in Figure 4 . The voltage on the DC coil is not only affected by the mutual inductance of the two AC coils, but also affected by the resistance of DC coil itself. According to formula (5), we can calculate the voltage on the DC coil as formula (6) ∼ (10). 
As shown in Figure. 5, the structure of the tightly-coupled SCFCL (TSCFCL) wraps the AC coil on the inner core which is different from the traditional one winds the AC coil around the outer core. However, changing the relative position of the AC coils and the DC coil will inevitably has an effect on the mutual inductance between the AC coils and the DC coil. As a result, the voltage on the DC coil will be different.
Equivalent electromagnetic circuit of the tightly-coupled SCFCL is shown in Figure 6 .According to Maxwell's equations, we can get formula (11) . The leakage inductance of TSCFCL can be obtained by magnetic field division method which is calculated as follows [37] :
Utilizing formula (11) and (12), it is possible to calculate the magnetic flux flowing through the DC coil as follows:
According to formula (13), the voltage on DC coil of tightly-coupled SCFCL can be obtained from formula (14) ∼ (18).
By comparing formula (10) and formula (18) , it can be found that relative to the traditional loosely-coupled structure, the novel structure obviously increases the mutual inductance between the AC coils and the DC coil thus ramps up the induced voltage of the AC coils on the DC coil. According to Lenz's law, the magnetic field of the induced current always impedes the change of the magnetic flux that causes the induced current. Therefore, the increase of the induced voltage reduces the voltage across the DC coil, which is more conducive to the safety of the DC coil's insulation. Figure 7 shows a schematic diagram of a conventional DC circuit which is composed of a fault detection loop and an energy-released circuit. During normal operation, IGBT is switched on and DC excitation power supply charges the DC coil L dc . The current in DC coil is maintained at 40A by hysteresis algorithm, which provides magneto motive force for the saturation of the core. ZnO 1 is an energy-releasing resistor whose working voltage is greater than the voltage provided by DC source. At this moment, the voltage across the ZnO 1 is insufficient to enable it to work, therefore the branch is switching off. ZnO 2 is a protection resistor for the IGBT which clamps the voltage across the IGBT for preventing it from being harmed by the overvoltage at the moment of it switches off.
B. NOVEL TOPOLOGY OF DC EXCITATION CIRCUIT
When the system detects the short-circuit fault, the DC excitation circuit enters into the state of fault current limiting. Meanwhile, the fault detection circuit will immediately send a signal to the IGBT to switch it off so that the DC source will no longer supply power to the DC coil. The DC coil and ZnO 1 constitute an energy release circuit as shown in Figure 8 . The energy in the DC coil is released, thereby reducing the core saturation and making the AC coil exhibit a high impedance to limit the fault current.
According to KVL voltage principle and formula (14) and (15) , the circuit equation of current in DC coil can be obtained as follows:
According to formula (19) ∼ (20), the current in the DC coil can be calculated as follows: This paper proposes a novel topology of DC excitation circuit, as shown in Figure 9 . The three-phase AC source convert into the DC voltage source by rectifier circuit which is used to charge the DC coil.
The new topology adds a free-wheeling diode circuit based on the original topology. During normal operation, the diode cannot be reverse-conducted, so there is no current flowing through the branch. The new topology works in the same way as the traditional one. When short-circuit fault occurs, IGBT is switched off. The energy-released current in the DC coil flow through ZnO 3 , D1, capacitance ,D 2 and ZnO 1 . DC power supply is used to provide reverse voltage for the energy-releasing circuit to accelerate the speed of releasing the energy in the DC coil. The total resistance values of ZnO 1 and ZnO 3 in Fig. 9 are equal to those of ZnO 1 in Fig. 7 . The schematic diagram of the energy-released circuit of the new topology is shown in Figure. 10.
According to formula (22) ∼ (23), the current in the DC coil can be calculated as follows:
Comparing formulas (21) and (24), it is not difficult to find that the energy-released speed of the novel topology is faster than that of the traditional one, which definitely makes SCFCL convert into unsaturated more quickly and overcomes the shortcomings of long operation time after fault detected.
C. AIR GAPS
It can be known from the previous section that the magnetic flux passing through the DC coil is related to the air gap of the core. Different air gaps will lead to various permeance due to individual structures, which will affect the saturation of the core. Three different structures of the air gap are shown in Figure. 11 which are full air gap, wedge air gap and ladder air gap respectively.
According to formula (25) , the definition of permeance, the deductive formulas of the corresponding permeance of three different structures can be obtained as follows:
(1) Full air-gap As shown in Figure. 12, the full air gap structure is simpler than other structures. Since the magnetic field is evenly distributed in space, the permeance of the full air gap can be derived according to formula (25) as follows:
(2) Wedge-type air-gap Figure 13 shows the cross-section of a wedge-shaped air gap. Unlike the full air gap, a part of the magnetic flux of the wedge air gap flows through the air and the other part passes through the iron core. Therefore, magnetic field division method is required to calculate the permeance of wedgeshaped air gap, the magnetic field around wedge-shaped air-gap is decomposed into three parts: the wedge-shaped area of iron core and trapezoid region of air, so that the magnetic conductivity of wedge-shaped air gap can be calculated separately as follows:
According to formula (27) (28), the conductivity of wedgeshaped air gap can be deduced as follows:
(3) Graded air-gap Figure. 14 is the section of graded air-gap. When calculating the permeance of graded air-gap, similar to wedge-shaped air gap, the magnetic field flowing through the graded air gap can be divided into the superposition of multiple rectangular magnetic fields by using the magnetic field division method. The permeance of stepped air-gap can be obtained by using formula (25) as follows:
Comparing with formula (26) (29) (31), as far as permeance concerned, graded and wedge air gap's permeance is much smaller than that of the full air gap while the permeance of these two structures cannot be compared in a general way due to the various parameters of the structure. However the full air gap is simple and easy to manufacture. Meanwhile its magnetization curve variate more sharply which is suitable for reactor. The wedge air gap and ladder air gap are more complex with large amount of calculation. Moreover its magnetization curve is gentle which is more suitable for reactive compensation with capacitance.
III. SIMULATION A. FINITE ELEMENT SIMULATION
In order to verify the theory described before, two simulation models of 10kV/200kVA are established in JMAG according to the schematic diagram of Figure. 2 and 5. The parameters of the model are shown in Table 2 .
The schematic diagram of the AC circuit is shown in Figure 15 . The rated voltage of three-phase AC source is 10 kV, the system impedance Z s(A,B,C) = 1.5 + j183.78, the load impedance Z l(A,B,C) = 126+j896.92 . The schematic diagram of the DC circuit is shown in Figure. time, the IGBT of the DC circuit is switched off, and the energy in the DC coil is released by ZnO. Figure 16 shows the voltage waveform at both ends of the DC coil. It can be found that the voltage across the DC coil of loosely-coupled SCFCL is slightly higher than that of the tightly coupled SCFCL during 0∼0.12s which owing to the different structure of them. The tightly-coupled SCFCL has little leakage flux between the AC coil and the DC coil, which raise the induced voltage on the DC coil, therefore the voltage across the DC coil is slightly reduced. However, the induced voltage is relatively small compared to the voltage supplied by the DC source, so the influence of induction voltage on DC coil is not significant. When the fault occurs, with releasing energy in the DC coil, the core transitions into unsaturated. At this time, the permeance of the yoke becomes larger, and the influence of leakage on the total permeance decreases. Therefore, the terminal voltages of the two DC coils are getting closer.
B. DC CIRCUIT
A simulation model is established in MATLAB as shown in Figure. 9. The current in the DC coil, diode branch, the protection varistor ZnO 2 , DC source and the output voltage of the DC source are observed. The simulation results are shown in Figure. 17.
During the period of 0∼0.5s, the system works normally. The DC coil is charged by DC source in 0-0.2s, at which time the energy is transferred from the DC source to the DC coil. At this time The current in the DC coil gradually increases to the rated current value, and finally stabilizes at it. When short circuit fault occurs at 0.5s,the IGBT is quickly switched off. Meanwhile, the current continues through D1 and D2. DC source provides reverse voltage to accelerate the discharge of the DC coil. The energy in the DC coil is continuously consumed through ZnO 1 and ZnO 3 , and finally becomes zero. It can be seen from Figure.17 (d) , since the internal resistance of the DC source is small, the voltage across the DC source won't change a lot, and the transient overvoltage caused by the change of the current is also limited by ZnO 2 to a reasonable degree. Figure 17 (e) shows that the output current of the DC source becomes negative at the beginning of the fault. However the output current of the DC source gradually changes into the positive because of the current flow through varistor ZnO 2 as the reverse current in the DC coil decreases.
C. SIMULATION METHOD
The novel simulation method is proposed in this paper to solve the problem the traditional finite element analysis method unable to simulate the action of high-frequency switch. It extracts the flux linkage flowing through the AC coils and the DC coil based on finite element simulation as shown in Table 3 . Fig. 18 is a three-dimensional model of flux linkage's data collected from finite element simulation.Utilizing these data, the voltage across the AC coils can be obtained according to formula (32) .
Therefore, the original AC coils can be equivalent to a controlled voltage source so as to establish the simulation model of AC circuit in MATLAB as shown in figure. 19. According to Figure 7 and Figure 9 , the simulation models of traditional and novel DC circuits are established respectively.
The current flowing through two DC coils is measured by the simulation models of the two topologies established in MATLAB so as to obtain the DC current waveform diagram shown in Figure. 20.
During the period of 0-0.12s, the grid works normally. At this time, the current of DC coil will be maintained at 40A through hysteresis algorithm for both two topology, so as to ensure that the core keeps saturated which reducing the influence of AC coil impedance on the grid during normal operation. At this point, there is little difference between the two topologies. Between 0.12s and 0.2s, the short-circuit fault occurs in the grid, the IGBT in the two topologies are switched off at 0.12s. The DC coil in the traditional topology releases energy only through ZnO, while the novel topology adds a freewheeling circuit whose DC source provide the reverse electromotive force for the energy-releasing circuit to speed up discharging. As shown in Figure 20 , in the first cycle, the novel topology can reduce DC current to 22A, while the traditional one can only be reduced to 31A. Obviously, the novel topology can greatly improve the speed of energy-released, thus shortening the time for SCFCL to enter high resistance state, which is more conducive to cooperate with switching off the circuit breaker.
D. AIR-GAPS
The simulation models of three different types of air gaps are established in Jmag according to Figure. 11. The specific parameters are shown in Table 4 .
Utilizing the model established in Jmag, the current in the DC coil varies uniformly from 40A to 0A in the period of 0-0.18s (as shown in formula (33) are shown in Figure 21 .
5A t = 0.14 ∼ 0.16s 0A t = 0.16 ∼ 0.18s (33) During the period from 0 to 0.06s, the cores of four structures are saturated thus the permeability of the four structures is almost the same. At 0.06 ∼ 0.16s, the four structures gradually exit from saturation. It can be found that the exiting speed from saturation of the wedge-shaped air gap and airgap-free are slower than others'. Since larger permeance of the two structures which is much easier to convert into saturation, the more time they needed to exit from saturation. The saturation of ladder air gap is lower than that of full air gap at 0.06-0.13s, but the opposite has occurred from 0.13 to 0.16s. This is because the magnetic flux of full air gap structure is uniformly distributed throughout the whole air gap, while the stepped air-gap has a significant gradient whose increment speed of the magnetic permeability will be slower as the saturation decreases. At 0.16s∼0.18s, the energy in DC coil is completely released. At this time, the core with no air gap and wedge air gap completely exit from the saturation. The permeability of both structures become the largest, while the permeability of ladder air-gap and full air gap decreases from the highest point. When DC excitation current decreases to 0, only AC current has an effect on the saturation of core. At that moment, the former two air gaps have large permeance which enhance the magnetic flux flowing through the core, thereby increasing the magnetic induction so as to raise of magnetic permeability. The permeability of full air-gap and stepped air-gap decreases due to smaller permeance.
IV. EXPERIMENTAL RESULTS
In order to verify the effect of the novel DC topology on shortening the time of release energy in DC coil, a prototype of DC circuit is manufactured. The experimental schematic diagram is shown in Figure 22 , the system impedance Z si = j183.78 , the load impedance Z Li = 126 + j896.9 (i = A, B, C). Figure 23 shows the photograph of the experimental prototype, Figure 23 
A. NORMAL OPERATION
As shown in Table 5 , the rated current flowing through the AC coil is 5A when the power grid is working normally, the measured voltage across the current limiter is 0.1104 kV. Thus, the active power loss on TSCFCL can be calculated as 0.1303 kW, equivalent to 0.07% of its total power, which has little influence on the normal operation of the grid. 
B. FAULT STATUS
The waveforms of novel energy-released circuit and the traditional one are shown respectively in Fig. 24 (a) and (b) when the fault occurs in the grid. The below waveform is the partial enlargement of the selected white rectangle in the above waveform. The red curve above the figure represents the current in the DC coil. During normal operation, the DC current remains unchanged at 40A. When the fault occurs, the current gradually decreases and eventually returns to zero. The red curve below is the current in ZnO 1 of the energy-released circuit. When the system is working normally, the branch switches off due to failure to reach the working voltage whose current stays zero. When signal of fault is received, the voltage across the ZnO 1 increases owing to the IGBT switches off. The resistance of ZnO 1 decreases rapidly which forms a circuit for releasing the energy in the DC coil. In the process of energy-released, the current in the ZnO 1 is the same as that in the DC coil. The pink curve is the voltage at both ends of ZnO 1 . This voltage is always limited to about 1000V due to the electrical characteristics of ZnO 1 until the end of the whole energy-released process.
Comparing the current in the DC coil of the two structures, it can be found that the novel structure only takes 20 ms to reduce the current in the DC coil from 40A to 10A, while the traditional one spends almost 62 ms. Obviously, the novel structure can greatly increase the speed of releasing the energy in DC coil and reduce the time required for the current limiter to enter to the state of high impedance.
V. CONCLUSION
In this paper, the DC circuit of tightly-coupled SCFCL is analyzed. Firstly, this paper studies the voltage on the DC coil in the two kinds of structures and finds that the TSCFCL raise the induction voltage on DC coil owing to the closer distance between AC coils and DC coil. However, comparing with the voltage of the DC source used in this experiment, the induction voltage on DC coil is almost negligible which proves that the novel structure does not have too much influence on the insulation of DC coil. Thus, the DC circuit which is not elucidated in reference [37] is supplemented. Secondly, a novel type of DC circuit is proposed in this paper which uses diodes to form a freewheeling branch to provide the reverse electromotive force for the energy released circuit, and accelerates the speed of releasing energy in the DC coil. Thirdly, the effect of different air-gaps on the saturation of the core varying with DC current is studied. The variation trend of core's permeability with four kinds of air-gaps at different stages is discussed. It is found that the full air gap is more suitable for current limiter. Fourthly, this paper proposes a more general electromagnetic simulation method that associates finite element analysis with electromagnetic transient simulation by extracting the flux linkage. This method is utilized to verify the feasibility of the novel topology of DC circuit. Finally, an experimental prototype is manufactured to demonstrate the theory proposed in this paper. This paper not only provides a reference for the subsequent study of SCFCL, but also greatly increases the practicability of SCFCL with increasing the speed of energy release. Then we will deepen the study of permanent magnets in SCFCL, so as to reduce the demand of power of DC source.
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